Abstract: Although the general sliding mode control has the robust property, bounds on the disturbances and parameter variations should be known a priori to the designer of the control system. Fuzzy logic provides an effective way to design a controller of the system with disturbances and parameter variations. Therefore, combination of the best feature of the fuzzy logic control and the sliding mode control is considered. The adaptive fuzzy variable structure controller developed in this paper employs fuzzy controller with nonlinear sliding mode. Therefore, the resulting system can resolve the conflict between the opposing requirements of static and dynamic accuracy that are encountered when designing the linear sliding mode. A variable length pendulum system is used to demonstrate the availability of the proposed approach. Copyright2002 IFAC
INTRODUCTION
Automatic control with the concept of variable structure system (VSS) is a special class of nonlinear controls. This control differs from other control systems mainly in that its structure is not fixed but is varied during the control process.
The structure of a control system may change either accidentally or intentionally in accordance with a definite rule. The VSS considered in this paper fall into the category of systems where the structure is intentionally changed during the transient in accordance with the present structured control law. The variable structure control (VSC) law developed, based on the theory of VSS, usually provide for changes in the structure of the controlled system whenever the state crosses a certain surface called the switching surface. If the system is forced to remain on the predetermined switching surface, it results in a dynamic behavior that is largely determined by design parameters and equations defining the switching surface. Consequently, new properties that were not present in the original system can be obtained for the controlled system. Therefore the system is robust and insensitive to external disturbances and parameter variations. The state trajectory undergoes a small-amplitude highfrequency chattering motion along the surface; which is known as the sliding mode or the sliding regime. The designed surface is then referred to as the sliding manifold or the switching surface [1]- [3] . The advantage of this approach is that the transient response of the error, during sliding mode, can be prescribed in advance and the system is completely robust and insensitive to parameter variations and external disturbances.
The fuzzy set theory, established by Zadeh [4] , has been developed for over 20 years. Its most prominent application is in the area of control engineering. In general, if a system is ill defined or too complex to have its mathematical model, fuzzy control provides an effective way to design a control. Based on fuzzy logic, the fuzzy controller converts a linguistic control strategy into an automatic control strategy [5] . The most advantageous and controversial property is that fuzzy controller does not rely on the mathematical model of the process. Control rules are constructed by using the knowledge of experts or operators' experience. In other words, the fuzzy controller is human dependent. Different expertise will give different rules for the same performance. There have been many studies investigating the relationship between sliding mode control and fuzzy control. Kawaji and Matsunaga[6] proposed a method of generating fuzzy rules for servo motors based on the VSS control. Yager and Filev[7] determined the fuzzy rules according to the sliding mode condition. Glower and Munighan[8] presented fuzzy sliding mode controller and assured stability for each of this fuzzy controllers. Lu and Chen[9] combined the best features of self-organizing fuzzy control and sliding mode control to achieve rapid and accurate tracking control of a class of nonlinear systems. The fuzzy rule base is used to approximate the VSC through self-organization and the VSC effort is used to compensate for the approximation error and to provide exponential convergence of the sliding variable. Lin and Chiu [10] combined the merits of the sliding mode control, the fuzzy inference mechanism and adaptive algorithm.
The VSS can be prescribed with an arbitrary transient response. The adaptive fuzzy variable structure controller used in this paper employs fuzzy controller with nonlinear sliding mode [11] , while the previous methods used the fuzzy controller with linear sliding mode. This can resolve the conflict between the opposing requirements of static and dynamic accuracy that are encountered when designing the linear sliding mode. Thus, the speed of response is improved without overshoot and a good transient response has been obtained.
VARIABLE STRUCTURE CONTROL WITH NONLINEAR SLIDING MODE
Consider a single-input n -th order nonlinear system
where ( ) u t is the control input,
[ , , , ]
is the state vector, function ( , ) f X t is unknown but bounded by a known continuous function ( , ) F X t , and the control gain ( , ) g X t is unknown but limited in a certain fixed range as follows:
Both ( , ) f X t and ( , ) g X t are assumed to be continuous in X . The control problem is to find ( ) u t such that X will track the desired trajectory ( 1) [ , , , ]
The control input ( ) u t has the following form:
where ( NL s X t is the nonlinear part of ( , ) s X t and is used to improve the performance in the transient state. The design method is described below.
Step 1: On the sliding mode, the system satisfies ( , ) 0 s X t = and ( , ) 0 s X t = . Then the dynamic equation on the sliding mode is obtained as follows:
where p z R ⊂ and p is a positive integer equal to or less than ( 1) n − ,
where j h is a function of i c , 1, 2, , i n = … , and
Step 2: Equation (7) 
where i d is a specified constant value,
Step 3: From (5), (6) and (9), the nonlinear switching function can be written as follows:
The nonlinear parts used to improve the performance in the transient state are given in the second term. Differentiating ( , ) s X t with respect to time yields
where r is a number of nonlinear terms given by the derivative of (10) and
(1) and (11),
In the sliding mode, the equivalent control eq u is obtained as follows:
However, since ( , ) f X t and ( , ) g X t are unknown, the following equation is used which is estimated as precisely as possible:
where f and ĝ are estimated value of f and g , respectively, such that
and known u is an independent term for system parameters and external disturbance, i.e., ( )
Now, consider the following state feedback control law:
where N u is used to eliminate the influence of uncertain terms of (15) and (16) as follows:
And S u is defined by
which determines the dynamic response of ( , ) s X t .
Inserting (18) into (12), the derivative of ( , ) s X t is given by 
If control gains are selected as
then the resulting system satisfies the sliding mode existence condition in (4), and the error trajectory move toward the switching. Therefore, the dynamics of the system are always stable and the error X will slide into the origin.
ADAPTIVE FUZZY VSS
In general, the sliding mode control assumes that the uncertainties are bounded and their bounds are available to the designer. However, bounds on the uncertainties may not be easily obtained because of the complexity of the system structure involving uncertainties. Moreover, the magnitude of external disturbance cannot be easily estimated. Thus the cost for implementing the sliding mode control is rather high for a system having large upper bound of uncertainties. On the other hand, the fuzzy inference mechanism can be constructed to estimate the system uncertainties. In this paper a fuzzy sliding mode control is developed in which a fuzzy inference mechanism is used to estimate the upper bound of the system uncertainties.
Replacing N K by f K in (19), the following equation can be obtained:
where f K is estimated by fuzzy inference mechanism. An ideal optimal value of f K that will satisfy (4) is
But the ideal value * f K cannot be obtained exactly owing to the parameter variations and external disturbances. Therefore, it is assumed that there exists a specific ˆf K that achieves minimal control effort, i.e., satisfying the sliding mode existence condition (4) and
where ε is a small positive real constant.
In general, the fuzzy control rules are a set of fuzzy implementations of linguistic term. Consider a singleoutput fuzzy controller with 2 inputs, s and s , and m rules in its rule base, represented by Define α as the optimal vector that achieves the minimal effort of sliding mode control as follows: 
where γ is a positive constant. Differentiating V with respect to time, the following equation is obtained:
Substituting (12), (18)- (20) and (25)- (26) into (33) gives 
SIMULATION RESULTS
In order to demonstrate the validity of the proposed controller, the variable length pendulum in Fig. 2 is used as an example of the control [12] , where θ is the angle, is the length, g is the acceleration of gravity, and m is the mass. This model was used to identify the gymnast's center of mass as the kip is performed. The dynamic equation of the system can be written as 
